Background Cigarette smoke contains compounds that may damage DNA, and the repair of damage may be impaired in women with germline mutations in BRCA1 or BRCA2. However, the effect of cigarette smoking on breast cancer risk in mutation carriers is the subject of conflicting reports. We have examined the relation between smoking and breast cancer risk in non-Hispanic white women under the age of 50 years who carry a deleterious mutation in BRCA1 or BRCA2. Methods We conducted a case-control study using data from carriers of mutations in BRCA1 (195 cases and 302 controls) and BRCA2 (128 cases and 179 controls). Personal information, including smoking history, was collected using a common structured questionnaire by eight recruitment sites in four countries. Odds-ratios (OR) for breast cancer risk according to smoking were adjusted for age, family history, parity, alcohol use, and recruitment site. Results Compared to non-smokers, the OR for risk of breast cancer for women with five or more pack-years of smoking was 2.3 (95% confidence interval 1.6-3.5) for BRCA1 carriers and 2.6 (1.8-3.9) for BRCA2 carriers. Risk increased 7% per pack-year (p \ 0.001) in both groups. Conclusions These results indicate that smoking is associated with increased risk of breast cancer before age 50 years in BRCA1 and BRCA2 mutation carriers. If confirmed, they provide a practical way for carriers to reduce their risks. Previous studies in prevalent mutation carriers have not shown smoking to increase risk of breast cancer, but are subject to bias, because smoking decreases survival after breast cancer.
Introduction
Cigarette smoking has biological effects that suggest it may either increase or decrease risk of breast cancer. Mutagens in cigarette smoke, such as polycyclic hydrocarbons, aromatic amines, and N-nitrosamines, may increase risk. Animal experiments show that exposure to these compounds may increase risk of mammary tumors, and DNA adducts with some of these compounds have been found in the breast tissue of smokers, as well as in the tumors of smokers with breast cancer [1] . Smoking may decrease risk of breast cancer by reducing exposure to estrogen. Compared to non-smokers, smokers have been shown to have lower luteal-phase urinary estrogen levels, an earlier menopause, less body fat, a decreased risk of endometrial cancer, and an increased risk of osteoporosis and fracture [2] [3] [4] [5] .
The epidemiological evidence on the association of smoking with risk of breast cancer is contradictory. Terry and Rohan in 2002 reviewed the published evidence and concluded that smoking probably did not decrease, and may increase, risk of breast cancer [6] . A combined re-analysis of 53 epidemiological studies, however, did not show smoking to be associated with an increased risk of breast cancer after alcohol use was taken into account [7] . In a meta-analysis in 2005, Johnson found that both active and passive smoking were associated with an increased risk of premenopausal breast cancer [8] .
The biological effects of smoking suggest that genetic variations in acetylation, oxidative damage, and DNA repair, may influence risk of disease. For example, high levels of reactive oxygen species may cause single and double strand breaks. BRCA1 and BRCA2 genes are involved in the repair of such breaks [9] , and mutations in these genes may impair the ability of carriers to repair any defects caused by smoking.
Lifetime risks of breast cancer among carriers of deleterious mutations in BRCA1 and BRCA2 have been estimated at 40-80% [10] [11] [12] . Because 20-60% of carriers live to an advanced age, and do not develop breast cancer, there are likely to be other genetic or environmental factors that modify risk. The purpose of the present study was to examine the effects of cigarette smoking on breast cancer risk in a large number of affected (cases) and unaffected (controls) members of families segregating mutations in the BRCA1 or BRCA2 genes.
Methods

General method
The study is case-control in design, and uses data from carriers of mutations in BRCA1 or BRCA2, affected (cases) and unaffected (controls) by breast cancer, from whom information on personal attributes, including smoking history, was collected using a common structured questionnaire. Details of the methods used have been given elsewhere and are summarized here [13, 14] .
Participating subjects and sites Eligible subjects were living non-Hispanic white women aged less than 50 years who carried a deleterious mutation in either BRCA1 or BRCA2 and were ascertained from the Breast Cancer Family Registry (Breast CFR), a consortium of research groups in the United States, Australia, and Canada [15] , the Kathleen Cuningham Consortium for Research into Familial Breast Cancer (kConFab), Australia and New Zealand (Australasia) [16] , and the Ontario Cancer Genetics Network (OCGN), Canada. All sites collected pedigree and epidemiologic risk factor data and biospecimens. Subjects with a first primary invasive breast cancer were defined as cases, and unaffected subjects were defined as controls. Because the effects of risk factors for breast cancer may differ according to menopausal status, and there were few subjects over the age of 50, we included only women aged less than 50 years.
Family ascertainment
The methods used to ascertain families that are the source of BRCA1 and BRCA2 carriers have been described previously [13] , and will be summarized briefly here. Three approaches were used. Breast CFR groups in San Francisco, Ontario, and Australia ascertained families through women with incident breast cancer who were sampled from a population-based cancer registry (probands). In San Francisco and Ontario, cases with a family history of cancer were oversampled, whereas in Australia all incident cases were included in the registry. Breast CFR groups in New York, Philadelphia, Utah, and Australia, as well as kConFab (in Australia and New Zealand) and OCGN, ascertained multiple-case families through cancer family clinics, selecting probands according to minimum family history criteria. In addition, Ashkenazi Jewish families were ascertained by Breast CFR groups in New York, Philadelphia, Ontario, and Australia by community outreach efforts.
All participants were asked to permit researchers to contact their first-degree relatives, from whom demographic and epidemiologic data and blood samples were also obtained. All relevant institutional review boards approved the study protocol and written informed consent was obtained from all participants.
Personal characteristics
Data on smoking, alcohol consumption, oral contraceptive (OC) use, and reproductive and other risk factors were obtained from all subjects using the same structured questionnaire. Data were obtained by personal interview whenever possible, or by telephone when necessary, except in Utah and Ontario where data were obtained by mailed questionnaires supplemented by telephone calls. All smoking information referred to smoking before the reference date (the date of breast cancer diagnosis for cases, and as defined below in Sect. ''Statistical analysis'' for controls). Questions about smoking included whether the subject had ever smoked at least one cigarette per day for 3 months or longer, the ages at which smoking was started and stopped, cumulative duration of cigarette smoking, and the average daily number of cigarettes smoked.
Identification of BRCA1 and BRCA2 mutation carriers
The proband in the population-based families was tested first for BRCA1 and BRCA2 mutations. For the clinic-based families, the woman in the family diagnosed with breast cancer at the youngest age was in general selected for testing first, and relatives evaluated if a mutation was found. All participants of Ashkenazi Jewish ancestry were tested for the three Ashkenazi founder mutations. The methods used to identify mutations are described elsewhere [13, 14] , as is a comparison of these methods with full gene sequencing [17] .
Statistical analyses
Each subject was assigned a reference age. For subjects with invasive breast cancer (cases) this was age at diagnosis, and for those not affected by invasive breast cancer (controls) the age at the earliest of the following events: interview, bilateral mastectomy, bilateral oophorectomy, or diagnosis of in-situ breast cancer. To minimize survival bias and recall bias, we restricted analysis to subjects interviewed no more than 5 years after their reference age. Approximately 82% of subjects were interviewed within 3 years of their reference age. The following exposure measures were created: categories of smoking (never, former, current), and cigarette pack-years (number of years smoked times the average number of cigarettes per day, divided by 20).
We used unconditional logistic regression implemented in SAS (SAS 2000) to compare smoking histories in cases and controls. Odds-ratios (OR) and 95% confidence intervals (CI) were estimated by modeling the probability distribution of attributes of ascertained carriers, conditional on reported pedigree structure and family disease occurrences. Logistic regression provides consistent OR estimates under a marginal covariate model, with intra-family attribute correlations accommodated by a robust variance estimator [18] . This approach accommodates the possibility that carriers may have been ascertained because of their breast cancer status [18] .
All regression models included reference age as a discrete variable (\40 years, 40-49 years) and a continuous variable, number of full-term pregnancies (0,1-2,3+), alcohol intake (drink-years), family history (yes, no) of breast or ovarian cancer in one or more first-degree relatives, and study site (Australasia, Canada, New York, Philadelphia, Utah, Northern California). Since we adjusted for reference age and subjects were ascertained in a short time period there was no need to adjust for year of birth. To control for the influence of occasional large values on tests of trend with continuous variables, we first categorized variables, and then replaced the reported values in each category by the median for that category. We also examined the effect of smoking at an early age (£20 years, [ 20 years), and smoking before first full-term pregnancy, and tested for an interaction between smoking and parity. Finally, we conducted separate analyses of the clinic-based data alone and the population-based data alone. Results were generally similar between these series of subjects so we report here results from the combined analyses.
Results
Characteristics of subjects and prevalence of smoking Selected characteristics of 195 affected (cases) and 302 unaffected women (controls) with mutations in BRCA1, and 128 affected and 179 unaffected women with mutations in BRCA2, are shown in Table 1 . On average, women with breast cancer were slightly older than unaffected controls at reference age. A similar number of cases and controls were recruited from Australasia and the United States (except Utah), but there were relatively more cases than controls from Canada, and more controls than cases from Utah. About two thirds of the cases were recruited through clinics.
Unaffected women who served as controls were derived from breast cancer family registries, and as a result more often had a family history of the disease than did women affected by breast cancer who served as cases. As only subjects aged less than 50 years were included, most were premenopausal. Use of alcohol was slightly more frequent among cases than controls, but this difference was not significant. Eighty (10%) of the 804 subjects were members of the same families. The mean interval between diagnosis and interview in cases was 2.0 years (SD = 1.47 years), and 82% were interviewed within 3 years of diagnosis. Table 2 shows the prevalence of smoking in cases and controls according to recruitment site and mutation. In all sites, among BRCA1 mutation carriers, more controls than cases had never smoked, and there were more current smokers at reference age among cases than controls in all sites except Philadelphia. Findings were similar among BRCA2 mutation carriers, with the exceptions of Philadelphia and Utah, where there were few subjects. In the combined mutation carriers, the prevalence of current smokers among women affected by breast cancer varied Table 1 Characteristics of non-Hispanic white BRCA mutation carriers with and without invasive breast cancer for women less than 50 years of age, by mutation status BRCA1 mutation carriers BRCA2 mutation carriers Combined mutation carriers
Reference age (years) a \30 23 (12) 80 (27) 10 (8) 34 (19) 33 (10) 114 (24) 30 (24) 15 (5) 35 (27) 13 (7) 82 (25) 28 (6) United States NCCC 13 (7) 3 (1) 9 (7) 5 (3) 22 (7) 8 (2) New York 17 (9) 45 (15) 9 (7) 21 (12) 26 (8) 66 (14) Philadelphia 12 (6) 33 (11) 4 (3) 17 (10) 16 (5) 50 (10) Utah 15 (8) 85 (28) 6 (5) 32 (18) 21 (7) 117 (24) Source of data The totals for the different variables may not equal to the total number of subjects in a category because of missing data from 28% in Australasia to 10% in Utah, and among controls from 21% in Australasia to 3% in Utah. In the combined data, current smoking was more frequent among cases than controls for all sites except Philadelphia.
Smoking and breast cancer risk Table 3 shows the OR for breast cancer for BRCA1 and BRCA2 mutation carriers according to smoking status, and adjusted for age, site, number of full term pregnancies, family history, and alcohol use. Compared with never smokers, risk was increased for both BRCA1 and BRCA2 carriers who were current smokers at their reference age. Risk was increased more than twofold for both BRCA1 and BRCA2 carriers who were current smokers at their reference age, or for those with at least 5 pack-years of smoking. There was a statistically significant trend of increasing relative risk with increasing duration of smoking, with an estimated average 7% increase per packyear of smoking for both BRCA1 and BRCA2 mutation carriers.
Because of evidence that smoking influences survival in breast cancer (see Sect. ''Discussion''), we examined the potential influence on these results of the inclusion of prevalent cases. We repeated all analyses including only cases interviewed within 3 years of diagnosis, in whom the average interval between diagnosis and interview was 1.44 years (SD = 0.92 years). The results were unchanged (data not shown). Because of the very low prevalence of smoking in Utah, in addition to adjusting for site in the analyses shown, we also repeated all analyses after the exclusion of cases and controls from that state. The results were again unchanged (data not shown).
After controlling for smoking duration, there was no evidence that smoking at an early age, or smoking before first pregnancy, had any additional effect on risk (data not shown). Figure 1 shows the cumulative incidence of breast cancer to age 50 years in smokers and non-smokers, based on our estimated relative risk associated with smoking, and the pooled estimates of cumulative risk from Antoniou et al [19] . For BRCA1 carriers, we predict that 60% of smokers will develop breast cancer by age 50 years, compared to about 35% of non-smokers. For BRCA2 carriers, we predict that 35% of smokers will develop the disease by age 50 years, compared to about 15% of nonsmokers. 
Discussion
These results show that a history of ever smoking is associated with a marked increase in risk of breast cancer before age 50 years in BRCA1 and BRCA2 mutation carriers. In both groups of mutation carriers there was, after adjustment for family history, parity, alcohol use, and recruitment site, an average increase in breast cancer risk of 7% for each additional pack-year of smoking. We estimate that smoking about doubles the cumulative incidence of breast cancer by age 50 years in carriers of BRCA1 and BRCA2 mutations. Because these results are based on a history of ever smoking, they are not influenced by any tendency of affected individuals or unaffected family members to quit smoking after a diagnosis of breast cancer. Five previous studies have examined the effect of smoking on breast cancer risk for BRCA1 and BRCA2 Trend per pack-year
OR odds-ratio, CI confidence interval a Adjusted for age (see Sect. ''Methods''), study site (Australasia, Canada, New York, Philadelphia, Utah, Northern California), number of fullterm pregnancies (0,1-2,3+), alcohol use (drink-years) and history of breast or ovarian cancer in a first-degree relatives (yes, no) b At reference age c The totals for the different variables do not always equal to the total number of subjects in the case or control category because of missing data 
Current smokers
All BRCA2 carriers
Non-smokers
Non-carriers Fig. 1 Estimated cumulative incidence of breast cancer to age 50 in carriers of a BRCA1 or BRCA2 mutation. Cumulative incidence estimated by combining age-specific incidence data among BRCA1
and BRCA2 mutation carriers (5) with the smoking prevalence among controls of Table 2 and the odds-ratio estimates of Table 3 mutation carriers, and selected characteristics and results of these studies are shown in Table 4 , together with the present study [20] [21] [22] [23] . Brunet et al. [20] , Colilla et al. [23] , and Nkondjock et al. [24] , found a reduced risk of breast cancer in smokers with BRCA1 or BRCA2 mutations that was statistically significant in the first two of these studies. However, the study by Ghadirian et al. [21] , that included data from Brunet et al. and a study by Gronwald et al. found that smoking had no effect on risk of breast cancer in women with BRCA1 or BRCA2 mutations [22] .
The results of the present study differ from all of the others shown in the table because the prevalence of smoking was higher among cases and lower among controls. As shown in Table 2 , in the present study women affected by breast cancer were more often smokers than unaffected controls in two of three clinic-based sites, and all three population-based sites, and in each of the three countries, from which we recruited.
Baron and Haile, in an editorial that commented on the paper by Brunet et al., pointed out that use of prevalent cases, convenience samples of cases and controls, and possible bias in the selection of subjects for genetic testing, may affect interpretation of the results [25] . Of these potential sources of bias, the use of prevalent cases, interviewed or tested for mutations many years after diagnosis, appears most likely to explain differences in results between the present and previous studies, because, as described below, smoking adversely affects survival after breast cancer. Because of the preferential loss of women who smoke, the inclusion of prevalent cases may bias results toward null, or even show apparently protective effects of smoking, in the face of a true underlying increase in risk associated with smoking [26] .
In the American Cancer Society prospective study of adult women, Calle et al. found that smoking was associated with an increased risk of fatal breast cancer (RR 1.26, 95% CI = 1.05-1.50), that increased with number of cigarettes and number of years smoked [27] . Yu et al. found a relative risk of death from breast cancer of 1.40 (95% CI = 1.0-1.9) associated with smoking, after adjustment for tumor characteristics and other potential confounders [28] . Manjer et al. found that the relative risk of death from breast cancer was 2.14 (95% CI = 1.47-3.10) in current smokers, after adjustment for age and stage and other potential confounders [29] . Scanlon et al. found that, after adjustment for age, stage, and body weight, those with more than 20,000 packs over their lifetime had a relative risk of lung metastases of 3.73 (95% CI = 1.6-8.9) compared to non-smokers [30] . Fentiman et al. found in women with stage I-II breast cancer that, after age and stage, smoking was the most important predictor of breast cancer specific and overall survival. The hazard ratio for distant relapse-free survival for current smokers compared to nonsmokers was 1.67 (95% CI = 0.92-3.03) [31] .
Because smokers with breast cancer are more likely to die than non-smokers with the disease, smokers will be underrepresented among women studied many years after the diagnosis of breast cancer. As a result studies that include prevalent cases, where survival to the initiation of the study is required, are subject to prevalence/incidence (Neyman's) bias [26] , and a true underlying association of smoking with an increased risk of breast cancer may not be N never smoked, E ever smoked, F former smoker, C current smoker, PY pack-years, PPW packs per week a Unadjusted odds-ratio calculated by present author from data in Table 1 of reference 26 b Subjects recruited since 1995, 11 years before publication seen, or smoking may appear to be protective against breast cancer. As is shown in Table 4 , three of the five previous studies had an average interval between diagnosis and testing or interview of at least 8 years [20, 21, 23] , and one an interval of 3 years [22] . A fifth study did not specify the years of diagnosis, interview or testing, but did state that subjects were recruited since 1995, 11 years before the date of publication, and may also have included prevalent cases [24] . The present study also included prevalent cases, but none were more than 5 years after diagnosis, and the mean interval from diagnosis to testing or interview was 2 years, SD = 1.47). This short interval reduces, but does not entirely remove, the potential bias created by the effect of smoking on survival. Restricting the analysis to those diagnosed within 3 years of testing or interview, in whom the mean interval from diagnosis to testing or interview was 1.44 years (SD = 0.92 years), did not change the results.
Cohort studies, in which smoking and the identification of mutation status precede the development of breast cancer, are not subject to prevalence/incidence bias, and a number of cohort studies have now shown that smoking is associated with an increased risk of breast. Of 11 cohort studies included in the Terry and Rohan review [6] , ORs of breast cancer in smokers were greater than unity in eight of them, and statistically significant in two of these. In another two the lower bound of the CI was exactly 1.0. Since this review, The Nurses Health Study [32] , The California Teachers Study [33] , and a cohort study in Norway and Sweden [34] have all found that smoking increased risk of breast cancer. Further, in a historical cohort of families at high risk for breast cancer, the sisters and daughters of affected probands who had ever smoked were at a 2.4-fold increased risk of breast cancer, compared to non-smokers (95% CI = 1.2-5.1) [35] , a result that is similar to the present study. No cohort study has yet been carried out in carriers of BRCA1 or BRCA2 mutations.
While the results of the present study need confirmation, preferably in large prospective cohort studies, they indicate the potentially important influence of an environmental exposure on genetically determined increased susceptibility to breast cancer, and suggest a practical means by which women with inherited susceptibility may reduce their risk.
